Recently, we have shown that N-heterocyclic silylene (NHSi) 9-11 ligands can form complexes analogous to Nheterocyclic carbenes with Fe(N'') 2 (N'' = bis(trimethylsilyl)amide) and that the NHSi coordination compounds are stabilized by the back-bonding and dispersion forces. 12 From these results, it is perceivable that by enhancing the back-bonding ability of the metal cation, stable silylene complexes could be prepared even in the absence of significant dispersion stabilization. Vanadocene fulfils both above mentioned requirements as low-valent vanadium(II) should be able to participate to back-bonding whereas cyclopentadienyl ligands lack suitable sp 3 hybridized C-H moieties commonly observed in dispersion stabilized molecules. 13 Even though NHSi's are isostructural with NHCs, the electronic structures of such compounds are drastically different. While NHCs are generally strong -donors, their -acceptor ability is strongly dependent on the heterocyclic substituents. Divalent NHSi's on the other hand, can be seen as -acceptors with reduced -donor character.
Vanadocene, [V(C 5 H 5 ) 2 ], is one of the few stable early transition metal metallocenes that exists in traditional sandwich structure. It is a coordinatively and electronically unsaturated molecule with intriguing reactivity, such as oxidative addition of unsaturated hydrocarbons or nitriles and cyclopentadienyl displacement reactions. [1] [2] [3] [4] [5] Unlike many other first-row metallocenes, [6] [7] [8] vanadocene has no structurally characterized complexes with N-heterocyclic carbenes (NHCs) or heavier low-valent group 14 homologues.
Recently, we have shown that N-heterocyclic silylene (NHSi) [9] [10] [11] ligands can form complexes analogous to Nheterocyclic carbenes with Fe(N'') 2 (N'' = bis(trimethylsilyl)amide) and that the NHSi coordination compounds are stabilized by the back-bonding and dispersion forces. 12 From these results, it is perceivable that by enhancing the back-bonding ability of the metal cation, stable silylene complexes could be prepared even in the absence of significant dispersion stabilization. Vanadocene fulfils both above mentioned requirements as low-valent vanadium(II) should be able to participate to back-bonding whereas cyclopentadienyl ligands lack suitable sp 3 hybridized C-H moieties commonly observed in dispersion stabilized molecules. 13 Even though NHSi's are isostructural with NHCs, the electronic structures of such compounds are drastically different. While NHCs are generally strong -donors, their -acceptor ability is strongly dependent on the heterocyclic substituents. Divalent NHSi's on the other hand, can be seen as -acceptors with reduced -donor character. 14 We began our investigation by attempting the synthesis of NHC complex
Unfortunately, all efforts to isolate this species were unsuccessful (Scheme 1). The combination of electron rich metal cation and poor -accepting capabilities of standard NHCs was hypothesized to preclude the formation of a stable complex. Scheme 1. Attempted complexation reactions. Dipp = 2,6-diisopropylphenyl.
Because of the enhanced -accepting ability of silylene ligands, 12 we synthesized a vanadocene-silylene adduct. Upon dissolving V(Cp) 2 and Si IPr in hexane at -78°C, a dark red solution was obtained. The colour of the solution remained unchanged when warmed to room temperature. Upon cooling a concentrated solution to -30 °C over 24 hours, dark red-black crystals were formed in 71% yield. X-ray crystallography (Figure 1 ) confirmed the formation of [( Si IPr)V(Cp) 2 ] (1). In the solid-state, the Si IPr ligand is coordinated to vanadium with VSi bond length of 2.358 Å (average of two molecules in the asymmetric unit). V-Cp cent distances are between 1.902 and 1.907 Å which are slightly (0.01 Å) shorter compared to free V(Cp) 2 . The cyclopentadienyl ligands are bent with an average Cp-V-Cp angle of 146.1 degrees for the two molecules. This behaviour was further investigated with variable temperature NMR spectroscopy in the temperature range from 238 to 328 K (Figure 2) . The broad resonances observed at room temperature intensify upon cooling while the sharp signals of Si IPr ligand disappear almost completely at 238 K. Furthermore, the extremely broad peak at 318 ppm assigned to free V(Cp) 2 diminishes. VT-NMR indicates that in lower temperatures silylene ligand is indeed completely coordinated to vanadocene but at higher temperatures Si IPr becomes reasonably labile. The UV-VIS-NIR spectrum of 1 in hexane shows four distinct absorptions at 283, 405, 565 and 1473 nm ( Figure S3 ). The first four signals are likely from metal-to-ligand excitations while the lowest energy peak is assigned to d-d transition. This interpretation is supported by the calculated spectrum ( Figure   S4 ) showing strongest transitions at 275, 366 and 551 nm. The signal from the vanadium d-d-transition is calculated to be around 1020 nm, which is in qualitative agreement with the experiment. It should be noted that the fluxional coordination in solution would have major effect on this kind of transitions which explains the rather large difference between the calculated and observed value. before experiencing a steep drop below 40 K which is most likely due to depopulation of low lying excited states. A value of 0.32 cm 3 K mol -1 is reached at 2 K. The susceptibility and magnetization data were both fitted using PHI 16 with S = 1/2 and isotropic g-value of 1.9; modelling using anisotropic gtensor parameters did not improve the fit. Electron paramagnetic resonance (EPR) studies were performed to obtain more information about the electronic structure of 1. Figure 4 shows the isotropic spectrum of vanadium-silylene complex in hexane solution with its corresponding numerical simulation. The g-value is orientationally averaged out, and only its isotropic value g iso = (g + 2g)/3 ~ 1.995 has been measured at room temperature. In addition, g iso is smaller than a free electron g-value, indicating that the unpaired electron for a low-spin S=1/2 state originates from a less than half-filled d shell of transition metal ion. 17 In a similar way, only the isotropic value for hyperfine coupling can be measured in solution at room temperature. In Figure 4 , the well-resolved spectrum is assigned to the isotropic hyperfine splitting, A iso = (A + 2A)/3 ~ 3.1 mT (87 MHz), of vanadium ion in solution. The experimental A iso = 87 MHz is to be compared with an average atomic value of 4165 MHz of 51 V, 18 and the 4s orbital contribution to the spin density distribution is just about 2.1%.
At lower temperatures, the complex still exists in the lowspin (S = 1/2) state. At 10 K, the EPR spectrum ( Figure S6 in ESI) significantly differs from the anisotropic splitting of a high-spin (S = 3/2 from 3d
3 ) complex in frozen solution. 19 In our case, neither the g-anisotropy nor the hyperfine anisotropy was completely resolved at X-band. Our initial hypothesis was that only the permissible transition (∆M I = 0) between m I = -1/2 and m I = +1/2 nuclear sublevels was resolved in the parallel (g) region at 334 mT as there were no resonant transitions in the perpendicular (g) region at 167 mT. However, interactions between neighbouring paramagnetic centres cannot be ruled out completely. The features of the observed spectra could also be assigned to non-dilute system in which the magnetic dipole-dipole interaction between paramagnetic neighbours should broaden the line. There are isotropic and anisotropic exchange interactions between spins of the two neighbouring electrons, the exchange integral (J) is dependent upon overlap of the wave functions and it falls off very rapidly as the distance between ions is increased. The isotropic value (J = 84 MHz) was deduced from the numerical simulation ( Figure S6 ) and this empirical parameter resulted in rather good agreement with the experimental spectrum.
A computational study was performed to shed light to the electronic structure and bonding in 1. Geometry optimization of [( Si IPr)V(Cp) 2 ] at PBE0/Def2mix level (Def2-TZVP basis set for the vanadium and silicon atoms and the Def2-SVP basis set for all other atoms) leads to a stable species with both feasible spin states (S = 1/2 and S = 3/2, 1-LS and 1-HS, respectively). As suggested by the EPR and magnetic studies, the doublet is the electronic ground state by about 10 kcal/mol. The geometrical parameters obtained from the optimization for 1-LS are also in very good agreement with the experiment (Table 1) . The largest differences in bond lengths are less than 0.03 Å and the most important bond angles differ only about 1° from the solid-state structure.
Unlike Si IPr, vanadocene and IPr do not form a stable high spin (S = 3/2) complex, and during the geometry optimization the IPr ligand completely detaches from the vanadium(II) center. However, optimization of the low-spin system yields a stable compound with a V-C bond length of 2.231 Å. Hence, it is somewhat surprising that we were not able to isolate [(IPr)V(Cp) 2 ] experimentally considering that doublet is the electronic ground state of the silylene complex.
The reason for this behavior is suspected to lie behind the intrinsic differences of Si IPr and IPr ligands. For [( Si IPr)V(Cp) 2 ] following bond forming mechanism can be conceived; Si IPr ligand coordinates weakly to high spin V(Cp) 2 donating electron density from both -and -symmetric molecular orbitals to unoccupied d orbitals of V(II) cation, initially binding the ligand to the metal center. The steric repulsion will force the Cp rings to bend away from the silylene ligand thus breaking the overall symmetry of the vanadocene and altering the d orbital energies. It is known that electronic ground state of metallocenes can change upon bending the cyclopentadienyl ligands. 20, 21 However, it is important to notice, that in 1 (solid state geometry) the bent vanadocene fragment alone is still a high spin (quartet) system by about 16 kcal/mol. [a]  = Absolute difference to the experimental value.
Since the lowest unoccupied molecular orbital (LUMO) of Si IPr is a diffuse -symmetric orbital, back-donation will stabilize the donating metal d orbital. This increases the orbital splitting eventually overcoming the electron pairing energy and facilitating the lower overall spin state (i.e. double occupation of one metal d orbital). Double occupation also vacates low lying d orbital to accept electron donation from the ligand further strengthening the dative bond.
A similar process is not feasible for traditional NHCs since their empty -type orbital lies higher in energy and is not as readily available for back-bonding. In addition, IPr is a worse -donor than Si IPr, which also hinders the formation of initial quartet state complex. For these reasons, the low-spin state will not be achieved and [(IPr)V(Cp) 2 ] cannot be isolated experimentally. Hence, only binding of a suitable ligand like silylene or carbonyl 22 to V(Cp) 2 fragment will stabilize the low spin system thus enabling the preparation of [( Si IPr)V(Cp) 2 ].
It should be also noted that even though the formation of vanadacyclopropenes through oxidative addition of alkynes is a well-known reaction, 1, 23-25 the calculated electronic structure and observed V-Si and Si-N bond distances suggest that both vanadium and silylene remain at their original formal oxidation state of +2.
Further information about the V-E (E = C or Si) bond can be extracted from the bond dissociation energies (BDE). Calculated BDE for 1-LS breaking into Si IPr and low spin V(Cp) 2 is 39.5 kcal/mol while corresponding value for [(IPr)V(Cp) 2 ] is 27.0 kcal/mol. These values only describe the bond strength without relaxation of V(Cp) 2 to its quartet ground state. With this considered, BDE values of -0.1 and -12.6 kcal/mol are obtained for 1-LS and [(IPr)V(Cp) 2 ], respectively. This indicates that the initial formation of 1-HS is only kinetically stabilized but also that at high spin state, the V(Cp) 2 -IPr interaction is Energy decomposition analysis (EDA) is a quantitative method to study chemical bonds by dividing the (instantaneous) interaction energy (E int ) between two fragments into three distinct terms that can be used to describe the nature and strength of a chemical bond. 26 The terms are E elstat , describing the quasiclassical electrostatic interaction, E Pauli that takes into account the repulsive exchange interaction between same spin electrons of the two fragments, and an orbital interaction term, E orb , arising from the mixing and relaxation of the fragment orbitals when the two fragments are brought together. E orb can be broadly viewed as the covalent contribution of the bond.
1-HS 1-LS
The EDA was utilized to study the bonding in complex 1 and hypothetical [(IPr)V(Cp) 2 ] ( Table 2 ). As can be expected for neutral IPr and Si IPr ligands, regardless the electronic ground state, the orbital interaction term makes a significant contribution to E int . The repulsive exchange interactions completely compensate the attractive electrostatic terms, resulting in sizable steric repulsions (steric = E elstat + E Pauli ) between the fragments. The interaction energy in 1-LS is almost 20 kcal/mol higher compared to the 1-HS which is expected considering the bond formation mechanism described above. The E int in doublet state [(IPr)V(Cp) 2 ] is reasonably large but because the lack of low-lying -symmetric orbital capable for back-bonding, the NHC ligand cannot facilitate the spin transition of V(Cp) 2 fragment hence [(IPr)V(Cp) 2 ] is not experimentally observed. Table 2 . Selected results from the EDA analysis (in kcal/mol).
Extended Transition State -Natural Orbitals for Chemical Valence (ETS-NOCV) approach can be used to partition the charge and energy of a chemical bond into the different components (σ, π, δ). 27 ETS-NOCV gives the energy contributions for each specific (orbital) interaction between fragments hence it can be utilized for example to study donation and back-donation in metal-ligand bonds. The NOCV deformation densities, ,depicted in Figure 5 shows the electron density transfer between different NOCV orbitals. The two main (orbital derived) bonding contribution comes from the -donation (-35.7 kcal/mol) from the silylene ligand to empty metal d orbital whereas -back-donation from doubly The smaller values could be explained by the lack of backbonding interactions between the Ae and NHSi hence agreeing with our bonding analysis. In conclusion, we have prepared and fully characterized the first vanadocene complex of an NHSi ligand. Furthermore, [( Si IPr)V(Cp) 2 ] adds to the very small collection of group 4 and 5 metal complexes with any silylene ligands. 30 The Si IPr ligand is firmly bound to vanadium(II) cation in solid state whereas coordination is dynamic in solution at room temperature. VT-NMR spectroscopy experiments suggest that at 238 K silylene ligand is more tightly bound to vanadocene. Coordination of -accepting Si IPr stabilizes the low-spin ground state of the vanadium center rendering it suitable for -donation, which enables V-Si bond formation and isolation of 1. In contrast, the poor -acceptor properties of IPr inhibit the formation of [(IPr)V(Cp) 2 ]. Furthermore, EDA and NOCV analyses confirm that the V-Si bond is stabilized by the -back-bonding from doubly occupied metal d orbital to the lowest unoccupied orbital of Si IPr, corroborating the presented bond formation mechanism. 
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